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ABSTRACT 



The elevated temperature deformation characteristics of two thermo- 

mechanically processed high magnesium, aluminum-magnesium alloys were 

investigated. The thermomechanical processing itself included warm 

rolling at 300°C to 94% reduction. Subsequent treatments included 

annealing after rolling for either one-half hour or ten hours at 

300°C, or one-half hour at 440°C. These annealing treatments resulted 

in varying degrees of recrystallization and grain growth and facilitated 

examination of the effect of grain size on the superplastic deformation 

characteristics of these alloys. Tension testing was conducted at 

-5 -2 

strain rates ranging from 5.3x10 to 5.3x10 S-1 and temperatures 

varying from ambient to 300°C. Materials in the warm rolled condition 
exhibited the highest strength at ambient temperature and were generally 
most superplastic at elevated temperature. An A1 -10%Mg-0.5%Mn alloy 
exhibited elongation of approximately 400% at 300°C. 
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I. INTRODUCTION 



The purpose of this thesis was to investigate the elevated tempera- 
ture deformation characteristics of two thermomechanical ly processed 
high magnesium aluminum-magnesium alloys. Particular attention was 
given to determine possible superplastic response and the extent and 
nature of this superplastic response. Previous research by Ness [Ref. 1], 
Bingay [Ref. 2], Glover [Ref. 3], Grandon [Ref. 4], Speed [Ref. 5], 
Chesterman [Ref. 6], Johnson [Ref. 7], and Shi rah [Ref. 8] demonstrated 
that thermomechani cal ly processed high-magnesium alloys are capable of 
high strength with good ductility. Both Ness [Ref. 1] and Glover 
[Ref. 3] found and reported in their research indications of super- 
plasticity in the alloys they studied. McNelley and Garg [Ref. 9] in 
transmission microscopy studies have found that these alloys possess 
a fine microstructure, a prerequisite for superplastic behavior. The 
as-rolled structures were found by them to consist of fine, cellular 
structures or subgrain structures. Such microstructures were also 
found to recrystal 1 ize to submicron grain size with annealing, suggest- 
ing investigation of the annealed conditions may provide information 
on the contribution of fine subgrain structure as well as grain struc- 
ture to elevated temperature strength and ductility. 

This study utilizes Johnson's [Ref. 7] standardized processing 
technique as the basis for processing the materials for study. Two 
aluminum-magnesium alloys were chosen for the study, an 8.14% Mg 0.40% 

Cu alloy and 10.2% Mg 0.52% Mn alloy. The alloying additions to the 
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high magnesium aluminum-magnesium alloy were chosen based on previous 
observations of their effect in refining the microstructure, then 
hopefully leading to a more superplastic material. Mechanical testing 
was accomplished on an Instron test machine utilizing a Marshall three- 
zone furnace for elevated temperature control. Optical microscopy was 
done to characterize the as-rolled and annealed conditions and to 
examine for cavitation in the elongated samples. Transmission electron 
micrographs from McNelley and Garg [Ref. 9] were utilized for evalua- 
tion of the microstructure at higher magnification. 

Data obtained from the mechanical testing, in conjunction with 
optical microscopy and previous TEM work is evaluated, compared and 
correlated with current theories of superplastic behavior. Review of 
this work and new questions are posed for subsequent investigation. 
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II. BACKGROUND 



A. ALUMINUM-MAGNESIUM ALLOYS 

Aluminum and its many alloys have been the subject of much investi- 
gation and study. A motivation for such study is to obtain an alloy 
that has a higher strength to weight ratio while maintaining corrosion 
resistance, machinabil ity , ductility, toughness and an ability to be 
easily fabricated and possibly welded. Most of the higher strength 
aluminum alloys obtain their strength through precipitation and solid 
solution hardening. This involves the formation of discrete second 
phases to retard dislocation motion in the microstructure. Much of 
this research has been driven by the needs of the aerospace industry. 

The magnesium addition to aluminum results in lower density and 
increased strength. Although precipitation does occur, most of the 
strength in aluminum-magnesium alloys is due to magnesium in solid 
solution. The strength can be increased by cold working. In conjunc- 
tion with other alloying elements the aluminum-magnesium alloys are 
capable of obtaining good strength, corrosion resistance, toughness. 

Commercially available aluminum-magnesium alloys, the 5xxx series, 
have long been available. They are lower in strength than the 2xxx 
and 7xxx precipitation hardened alloys. The high strength aluminum 
alloys do have some problems associated with them such as difficulty 
in attaining good fatigue resistance and stress corrosion cracking 
resistance at high strength levels. Interest in higher magnesium 
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aluminum-magnesium alloys stems in part from the desire to combine 
the good corrosion and fatigue characteristics of lower magnesium 
alloys with a high strength. 



at. % Mg 




Figure 2.1 Partial Aluminum-Magnesium Phase Diagram. 

The aluminum-magnesium phase diagram Figure 2.1 shows that the solu- 
bility of magnesium in aluminum varies from 0.8 weight percent at 100°C 
to a maximum at approximately 15 weight at the eutectic temperature of 
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451 °C. This difference in solubility as a function of temperature pro- 
vides a driving force for second phase particle formation when the tempera- 
ture is reduced to a value below solvus for the amount of magnesium 
present in the alloy. The beta phase AlgMg^ is the intermetal 1 ic that 
exists above 5 weight percent magnesium. Problems exist as this beta 
phase has a tendency to form at the grain boundaries. Strength increases 
and ductility decreases occur as the magnesium content is increased from 
5 to 14 weight percent. Alloys above 14 weight percent have been found 
to be too brittle to determine tensile properties [Ref. 10]. For these 
reasons, commercially available aluminum-magnesium alloys, the 5xxx 
series, usual ly utilize weight percent magnesium of no more than 5 to 6 
percent. 

B. PREVIOUS WORK 

Ness [Ref. 1] initiated the investigation of high magnesium alloys 
here. His work was conducted on an 18 percent magnesium, aluminum- 
magnesium alloy. His work attempted to parallel concepts developed by 
Bly, Sherby, and Young [Ref. 11] in work on high-carbon steel. They 
utilized mechanical working of a material in a two phase region to 
obtain microstructural refinement and an improvement in the mechanical 
properties. Ness [Ref. 1] reported that microstructural refinement 
could be obtained in an 18 percent alloy and a compression strength 
of 655 Mpa (99KSI) was reported. 

As had been reported in Mondolfo [Ref. 10] and also found in this 
work, an alloy of this magnesium content is very brittle and cracks 
readily during rolling. 
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Bingay [Ref. 2] and Glover [Ref. 3] studied variations of this 
thermomechanical processing in an attempt to develop a processing 
method which would not have the material crack. Bingay [Ref. 2] 
introduced both isothermal and non-isothermal forging prior to rolling 
in an attempt to refine the microstructure of the alloys containing 
15-19 weight percent magnesium. Those alloys above maximum solubility 
were suggested to be eliminated from further study and future work be 
concentrated on those alloys below 15 weight percent magnesium. Bingay 
[Ref. 2] also suggested that a solution treatment before deformation 
be introduced prior to deformation in the two phase region. Glover 
[Ref. 3] tested alloys varying from 7-9 weight percent magnesium and 
noted characteristics of superplastic behavior, especially in higher 
magnesium alloys. 

Grandon [Ref. 4] extended the study into 7-10 percent magnesium 
alloys. Lower magnesium content alloys were chosen so that for some 
treatment temperature all the magnesium would be dissolved. He intro- 
duced a 24 hour solution treatment followed by a quench and then warm 
rolling at 300°C. The warm rolling was done to strengthen the material. 
His results show a doubling of strength compared to the 5xxx series 
alloys, while maintaining good ductility. Another important observation 
was that recrystallization apparently did not occur during warm rolling 
below the solvus for alloys of this magnesium content. Alloys with 
larger amounts of magnesium were investigated by Speed [Ref. 5]. 

Grandon [Ref. 4] poised several questions regarding the nature of 
precipitation and recrystallization in these alloys. These questions 
were investigated by Chesterman [Ref. 6]; based on optical microscopy 
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he concluded that recrystallization took place only at temperatures 
above the solvus for the 8-14 weight percent alloy. Cold working 
followed by annealing would not produce observable recrystallization 
if the annealing temperature was below the solvus. Even at annealing 
temperatures of 0.6Tm precipitation always replaced recrystall ization 
as the method by which stored energy was released. 

Johnson [Ref. 7] combined all the previous studies and standardized 
a thermomechanical process for high magnesium, aluminum-magnesium alloys. 

His work has examined six alloys, both binary and ternary, from 8.14% 
to 10% magnesium. His results also demonstrated material twice as strong 
as 5xxx alloys with good ductility. His process introduced a 10 hour 
solution treatment at 440°C with isothermal upset forging at the nine 
hour mark. After this, the material was quenched and warm rolled. The 
warm rolling was done at various temperatures between 200 and 340°C. 

His conclusion was that beta phase (AlgMg^) intermetallic was the most 
significant factor in obtaining both high strength and good ductility. 

Shi rah [Ref. 8] in his work found that the microstructural homogeneity 
could be improved by extending the solution treatment time to 24 hours 
vice the 10 hours; this minimized banding of precipitate and still did 
not lead to grain growth. This 24 hour solution treatment was utilized 
in this thesis. 

C. SUPERPLASTIC BEHAVIOR 
1 . Background and Scope 

The term superplastic refers to extraordinary elongations in 

tension testing, generally in excess of 200 percent. Although recognized 

for many years, active reporting of research in the field of superplasticity 
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did not began until Underwood's [Ref. 12] paper in 1952. Since that 
time considerable effort has been invested in studying and understand- 
ing the field of superplastic behavior. 

Two primary approaches exist in analyzing superplastic behavior. 
Applied mechanics explains the phenomenon in terms of strain rate sen- 
sitivity of the material. On the other hand, material science attempts 
to understand superplasticity through an understanding of the micro- 
structural characteristics. 

2. Strain Rate Sensitivity 

Superplastic deformation is a thermally activated process which 
occurs at elevated temperatures. At elevated temperatures, the power 
law equation 2.1 describes stress as a function of strain rate. 

a = k E (eqn 2.1 ) 

Where a = stress, k is a constant and e is the strain rate. The m in the 

power law equation 2.1 is the strain in rate sensitivity. The stress is 

still a function of strain at elevated temperatures, but more weakly. 

Stress-strain curves often tend to be flat (i.e., flow at constant 

stress) suggesting a steady state flow process is occurring. This m 

increases as a function of temperature until at temperatures above 

0.5 T m becomes relatively constant with a value of about 0.2 to 
m 

0.25 for many metals and alloys. Studies of superplasticity have 
found that superplastic behavior occurs at m values of .3 to .8 
It is found generally that superplastic ductility increases with 
increasing m and is a maximum at the highest m value. The value of 
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m can be found as the slope of a log stress vs log strain rate plot. 
Even though superplastic materials have in common a high strain rate 
sensitivity, high m values alone do not necessarily lead to super- 
plastic behavior due to microstructural changes which can occur 
during plastic flow. These may be changes such as internal or inter- 
phase boundary cracking, or cavitation or grain boundary separation 
and these may intervene and limit deformation. This high strain rate 
sensitivity confers resistance to localized deformation. 




Figure 2.2 Elongation Versus the Strain Rate Sensitivity Coefficient 
m for Sn-Pb Euctectic. Adopted from Avery and Backofen 
[Ref. 13]. 
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Figure 2.2 shows results reported by Avery and Backofen [Ref. 13] 
in their study of superplasticity in Sn-Pb alloys. This result, in- 
creased elongations with increasing values of m, is generally observed 
for other superplastic materials as well. 

3 . Microstructural 

Fine grain size is characteristic of superplastic materials, and 
superplasticity is enhanced by a homogeneous, fine grain size. Many ways 
have been found to provide this fine grain size. Most of these methods 
involve controlled mechanical working of the material or the use of a 
phase transformation to refine the grain size. Stabilization of fine 
grains is often accomplished by the use of second phases. It is very 
important that these second phases be deformable along with the matrix. 

Because superplasticity is observed at elevated temperatures 
and over perhaps lengthy test times, grain growth must be considered. 
Growth may occur at an elevated rate during deformation. Tests usually 
are conducted at temperatures of 0.4 to 0.7 T^^ to minimize grain growth 
as such relatively lower temperatures assist in maintaining a stable 
grain size. Also, alloying agents may be added to retard grain growth 
in superplastic materials. 

Not only are the grains required to be fine for superplastic 
behavior but they must also be equiaxed and have smooth and curved 
grain boundaries. This reflects the contribution of grain boundary 
sliding to the process of deformation under superplastic conditions. 

If grain growth does occur, the alloy vn’ll strain harden. This is 
readily seen in the Nabarro-Herring diffusion creep model, equation 
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(eqn 2.2) 



e 



7 b o D 
"kTd^ 



2.2 where e equals the strain rate, a equals the stress, b is the Burgers 
vector, d is the grain size, D is the diffusion coefficient and T is 
the temperature. In this relation, an increase in d will require an 
increase in a if e is to be maintained as a constant, i.e., the material 
would strain harden in a stress-strain test. The Nabarro-Herring model 
is not thought to be a completely accurate model for superplastic defor- 
mation but is used here to illustrate the importance of grain size. 

4. Stress Strain Relationships 

It is convenient to express this stress-strain rate relationship 
on a log stress vs log strain rate axes. The power law equation 2.1 




Figure 2.3 Log Stress Versus Log Strain Rate for Aluminum Alloy. 
Data of Paton, et al . , [Ref. 14]. 
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suggests that log stress vs log strain rate data would fall on a 
straight line. Figure 2.3 clearly shows a sigmoidal curve on such 
axes for data on 7475 aluminum alloy. In fact, this clearly suggests 
that the power law must be modified to be a completely accurate des- 
cription of behavior. Nonetheless, the "instantaneous" value of m 
may be inferred from such data and used to interpret data. Maximum 
superplastic behavior was found to be at 516°C, the lower curve on the 
plot in Figure 2.3, 

Maximum ductility is usually found at the point of greatest m. 




Figure 2.4 Strain Rate Sensitivity Coefficient m Versus Log Strain Rate 
for 7475 Aluminum Alloy. Data of Raton, et al . , [Ref. 14]. 

Figure 2.4 shows the results from Raton, Hamilton, Wert and Mahoney 
[Ref. 14] for a superplastic 7475 aluminum alloy. Also notable on this 
curve is that the region of maximum superplastic behavior occurs at a 
strain rate between 10"^ and 10 ^ (S-1). 
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The curve of log stress vs log strain rate for most superplastic 
materials is usually S shaped having three distinct regions. Stress 
rises steadily with strain rate but first with an lesser slope and 
limited ductility (region 1), through a region of higher slope with 
a maximum m and maximum ductility (region 2) before the slope and the 
ductility decrease in region 3. In some alloys, such as nickel -chromium, 
a two segment curve is observed. A schematic of these two types of curves 
is shown on Figure 2.5. Ductility would be a maximum at strain rates 
where the slope is a maximum. This is reported, e.g., by Paton, et al . , 
[Ref. 14]. 




Log STRAIN RATE 



Figure 2.5 Log Stress Versus Log Strain Rate Showing Region Two and 
Three Associated with Superplastic Materials. 
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5. Mechanism of Deformation 



Two distinct observations distinguish deformation mechanisms 
for superplastic behavior. These are first, a strong inverse dependence 
of strain rate on grain size, usually expressed as strain rate being 
proportional to the inverse third power of grain size. Secondly, little 
grain elongation occurs; rather, grains tend to remain equiaxed. These 
imply the existence of grain boundary sliding during deformation. 

Ashby and Verrall [Ref. 15] explain this change in the shape 
of the deformed specimen with respect to the original not in terms of 
change of shape of grains but in terms of change of place of grains, 
i.e., grains change neighbors by sliding. Grain boundary sliding with 
accommodation by diffusion, either in the boundary or in the lattice, 
is the predominant mechanism of deformation in region 2, the region 
of maximum superplastic behavior. Ashby and Verrall [Ref. 15] concluded 
that the strain rate is about seven times faster than Nabbarro or Coble 
creep for such a diffusion accommodated sliding process where grains 
will change their neighbors. 

Coble creep is the mechanism of deformation in region 1. Coble 
creep is a diffusional process involving atomic or ionic diffusion 
along grain boundaries. Coble creep is very sensitive to grain size 
due to the increase in the amount of grain boundary with smaller grain 
size. 

In region 3 the deformation mechanism is assumed to be disloca- 
tion creep. Diffusional movements of dislocation form the backbone of 
this mechanism. Paton, et al . , [Ref. 14] suggests that edge dislocation 
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climb away from dislocation barriers is the predominant mechanism in 
region 3. This dislocation process is accelerated by the creation of 
excess vacancies brought about by dislocation-dislocation interactions. 
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III. EXPERIMENTAL PROCEDURE 



A. MATERIAL PROCESSING 

The alloys selected for study were Al-10,2 weight percent Mg-0.52 
weight percent Mn and 8.14 weight percent Mg-0.40 weight percent Cu. 

These alloys were obtained as direct chill cast ingots, 127mm (5 in) 
in diameter by 1016mm (40 in) in length. The ingots were produced 
at the Alcoa Technical Center, Alcoa Center, Pennsylvania, utilizing 
99.99% pure A1 as a base metal and were alloyed using commercially 
pure copper, magnesium, 5% beryllium-aluminum master alloy and 5% 
titanium - 0.2% boron-aluminum masteralloy [Ref. 7]. The details of 
the compositions of the alloys are given below in weight percent [Ref. 7]. 



Table I 

Alloy Composition 



Serial Number 


Si 


Fe 




1^ 




Xi 




501300A 


0.01 


0.03 


0.00 


0.52 


10.2 


0.01 


0.0002 


501303A 


0.01 


0.03 


0.40 


0.00 


8.14 


0.01 


0.0002 



The as -received ingots were sectioned to produce billets of 96mm 
(3.75 in) length by a 32mm (1.25 in) by 32mm (1.25 in) cross section 
to facilitate subsequent thermomechanical processing. 

The thermomechanical processing scheme was similar to that developed 
by Johnson [Ref. 7]. The essential difference was that the solution 
treating at 440°C of the billets was done for 24 hours as recommended 
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by Shirah [Ref. 8]. The billets were isothermal ly upset forged at 440°C 
on heated platens to a height of approximately 28mm (1.1 in), requiring 
a maximum force of approximately 125,000 N (28,000 Ibf). The billets 
were then annealed at 440°C for one hour followed by an oil quench. 

The billets were further deformed following the warm rolling procedure 
developed by Johnson [Ref. 7]. Temperature was measured by placing the 
billets against a monitoring thermocouple. When the thermocouple indicated 
the desired temperature (300°C) the rolling commenced. Prior to the ini- 
tial pass this heating time was approximately 10 minutes. In order to 
maintain isothermal conditions, the billets were reheated between passes 
and in the later stages of rolling reheating times were typically four 
minutes. Due to the fact that the rolls are not heated time during the 
rolling sequence was held under 15 seconds for each pass. Final thick- 
ness of approximately 1.8mm (0.07 in) was sought, giving a final reduc- 
tion of approximately 94%. 

B. TENSILE SPECIMEN FABRICATION 

Each billet resulted in a sheet of approximately 1.8mm (0.07 in) 
thickness and of 75mm (3.0 in) width of 550mm (22 in) length. This 
sheet of material was sectioned into 63.5mm ± 0.127mm (2.5 ± 0.005 in) 
by 14.2mm ± 0.127mm (0.56 ± 0.005 in) blanks. These blanks were cut on 
a bandsaw by first removing the forward 25mm (1 in) of the sheet. The 
sides of the blanks were then trimmed into 14.2mm (0.56 in) widths. A 
holder as shown in Figure 3.1 was fabricated and used as a jig to hold 
the blanks while cutting the gage section on a Tensilkut (R) machine. 

The test sample design is shown in Figure 3.2. The relatively small 
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Figure 3.1 Jig Utilized to Fabricate Tensile Specimens. 
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Figure 3,2 Test Specimen Geometry. 
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size was dictated by the available furnace and grip assembly size and 
the expectation of substantial elevated temperature dictility. 

C. ELEVATED TEMPERATURE TESTING 

Wedge-type grips manufactured by ATS, Inc., Butler, Pennsylvania, 
were utilized for conducting all the testing including that at elevated 
temperatures. These grips were Model #71 3C and were fabricated of 
Inconel 718 specifically for use at elevated temperatures. 

A Marshall model #2232 three-zone clamshell furnace was used for 
maintaining the elevated temperatures. The temperature in the furnace 
was controlled by three separate controllers, one for each zone. The 
thermocouples for the furnace controllers were passed into the furnace 
utilizing a ceramic thermocouple sheath. The controller thermocouple 
for the upper zone of the furnace was located six inches above the 
thermocouple entrance port and approximately one inch in from the 
furnace elements. The controller thermocouple for the bottom furnace 
was located in a corresponding location below the thermocouple entrance. 
The center controller was one inch directly inside the furnace at the 
thermocouple entrance. Insulation was installed at several locations 
both inside and outside of the furnace. Glass insulation of one inch 
thickness was utilized for the insulation. Two hollow circular disks 
were employed to reduce the flue effect of the furnace. These were 
placed around the pull rods at both the top and bottom of the furnace. 
Thin strips of insulation were placed on the closing surfaces of the 
furnace. -These strips were found to be especially important in obtain- 
ing and maintaining uniformity of temperature in the test zone. A 
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thermal pad was placed over the top of the furnace. Each of the pull 
rods were wrapped with insulation in the areas external to the furnace. 

The temperature in the furnace was monitored by installing five 
measuring thermocouples. A thermocouple was placed on the top pull rod, 
four inches above the bottom of it and on the back side of the furnace. 
Another thermocouple was placed in contact with the specimen and just 
inside of the upper wedge. A thermocouple was also placed on the middle 
of the specimen at the start of the test. Two additional thermocouples 
were placed at corresponding positions on the lower pull rod. During 
the test, set temperature was held to within two degrees of the desired 
temperature as a function of time. At a set point of 300°C the follow- 
ing would be representative temperatures as noted from top to bottom: 
285°C, 300°C, 300°C, 300°C, and 285°C. Placement of the thermocouples 
and insulation utilized for the test can be seen in Figure 3.3. 




Figure 3.3 Placement of Thermocouples and Insulation. 
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An Instron machine was utilized to conduct the stress-strain testing. 
The crosshead speed for the test ranged 0.002 in/min to 2 in/min (0.05mm/ 
min to 50mm/min). Except for 0.002 inch per minute speed the magnifica- 
tion ratio for the autographic chart was 10; for the 0.002 in/min speed, 
the magnification ratio was 100. 

D. DATA REDUCTION 

Elongation was computed both by measuring the length of the deformed 
and fractured specimen and by utilizing the data from the strip-chart 
recorder of the Instron machine. The yield strength was computed utiliz- 
ing a 1% offset on all tests except for the 0.002 in/min strain rates. 
This v/as done because of the magnification ratio of 10 was too small 
for reliable readings of the 0.2% offset. For the 0.002 in/min tests, 
both a 0.2 and a 1% offset were calculated. Therefore, all yield 
strength data presented represent the stress at a 1% offset unless 
otherwise noted. 

E. METALLOGRAPHY 

Samples of as-rolled or annealed material were mounted in standard 
molds with cold mounting compound. The elongated test samples were 
mounted by fabricating a rectangular mold just larger than the specimen 
using a sheet of glass as a base. Figure 3.4 shows the mounting of an 
elongated-sample. All of the optical microscopy specimens were polished 
first utilizing 240 to 600 grit papers and then polishing on wheels 
utilizing magnesium oxide abrasive. Etching was accomplished utilizing 
Barkers reagent at 20 volts d.c. and for times varying from 60 to 75 
seconds. The specimens were placed in a beaker containing approximately 
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Figure 3.4 Mounting of an Elongated Sample. 

25mm (1 in) of reagent. The specimen was immersed to a level of approxi- 
mately 6mm (0.25 in). Examination and photographic work was done with 
a Zeiss Universal microscope, Polarized light and strain-free optics 
were used. Panatomic X 35mm film was used for photographic recording. 
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IV. RESULTS AND DISCUSSION 



A. OPTICAL MICROSCOPY 



1 . As Rolled 




banded 



Optical micrographs of these materials show an elongated, 
grain structure, often obscured by the precipitated intermetal 1 ic 




b) Al-10.2?4Mg-0.52%Mn 



Figure 4.1 



Optical Micrographs of Al-8.14/oMg-0.4%Cu_ 
(b) in the Longitudinal Orientation Showi 
Structure to be Banded in the 8i^Mg Alloy 



(a) and 10.2°;Mg-0.52XMn 
ng the As-Rolled 
at 200x. 
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Banding v;ith an elongated structure is clearly evident in Figure 4.1 
for the 8%Mg, 0.4/oCu alloy and less so but still visible in the 10%Mg 
0.52%Mn alloy. Intermetal 1 ic beta phase (AlgMg5) is dispersed in 
both alloys, however is more evident in the 10%Mg-0.52%Mn alloy. 

The greater amount of dispersion of beta in the higher percent mag- 
nesium alloy is expected due to the larger amounts of magnesium present. 

2. Anneal ed 

Figure 4.2 and 4.3 show the effect of annealing on the micro- 
structures. There are two annealing temperatures. At 440°C (above the 
solvus), annealing for 1/2 half hour leads to complete recrystallization 
and a single-phase material. The size of grains in the fully recrystal- 
lized material is 10-20 microns. For the 300°C (below the solvus) an- 
nealing conditions nicrostructural banding becomes less marked and 
precipitation becomes more apparent, and these lead to more uniformity 
in the microstructure. At 10 hours annealing, growth has caused a 
coarsing of the precipitate and possibly a grain structure is becoming 
apparent, suggesting recrystal 1 ization may have taken place. Annealing 
above the solvus leads to recrystal 1 i cation with little beta evident. 

B. TEH MICROSCOPY 

The TEH micrographs from the work of McNelley and Garg are included 
to assist in the evaluation of the substructure in these alloys for 
processing by v/arm rolling and annealing at 300°C. The banded structure 
in the 8%Mg 0.4/oCu alloy, observed optically Figure 4.1 is more easily 
seen in the TEH. The structure further is revealed to be a cellular 
substructure as can be seen in the TEM micrograph (Figure 4.4). The 
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10 Hr @ 300°C 




1/2 Hr @ 300°C 

Figure 4.2 Optical Micrographs of A1 -8. 14%Mg-0.4%Cu Alloy in the Longi- 
tudinal Orientation Showing the Affects of Annealing; 
Reducing the Banding in the 300°C Annealed Condition 
and Fully Recrystallized Material for the 440°C Anneal 
at 200x. 
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10 Hr @ 300°C 







1/2 Hr 0 300°C 

Figure 4.3 Optical Micrographs of Al-10.2%Mg-0.52%Mn Alloy in the Longi- 
tudinal Orientation Shov/ing the Affects of Annealing; 

Reducing the Banding in the 300°C Annealed Condition 
and Fully Recrystallized Material for the 440°C Anneal 
at 200x. 
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precipitated beta is not obvious in the as rolled TEM micrograph. The 
8«Mg-0.4°oCu alloy, annealed 1/2 hour at 300®C, shows a decrease in the 
amount of banding (similar to the optical micrograph). At 1/2 hour 
annealing the precipitated beta still is not evident. The most signi- 
ficant change is a "cleaning up" of the cellular structure. A disloca- 
tion subgrain structure is now apparent. At 10 hours of annealing at 
300°C what appears to be a fully recrystall ized grain structure appears. 
The beta precipitate is now apparent at the grain boundary junctions. 

The grain size is now on the order of one micron. The 10%Mg-0.52%Mn 
alloy (Figure 4.5) in the as rolled condition exhibits less evidence 
of banding. The substructure is finer and better organized than in the 
8%Mg alloy. When the 10%Mg alloy is annealed the subgrain size increases 
and the dislocation density decreases. 

Comparison of the optical micrographs to the TEM micrographs suggest 
that the optical microscope is unable to resolve the structure. This 
appears to be the result of the manner in which the etchant works and 
with the presence of the beta. The optical micrographs, especially in 
the as rolled condition, do not accurately represent the precipitated 
intermetal 1 ic and are unable to reveal the grain structure. 

C. MECHANICAL TEST RESULTS 

Stress-strain data was obtained as described in the experimental 
section for the Al-8.14°o-0.4%Cu and Al-10.2%Mg-0.52%Mn aluminum- 
magnesium alloys. The test data is summarized in Tables II and III. 

Plots of this data appear in the Appendices. Appendix A contains the 
plots of ultimate tensile strength (UTS), yield strength and elongation 



36 






i 




10 Hr @ 300°C 




1/2 Hr 0 300°C 




As Rolled 

Figure 4.4 TEM Micrographs of A1 -8. 14%Mg-0.4%Cu Alloy for the As Rolled 
and Annealed at 300°C Shoiving the Coarsening of the Structure 
with Increasing Annealing Time at lOkx. 
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1/2 Hr 0 300°C 




As Rolled 

Figure 4.5 TEM Micrographs of A1 -10.2%Mg-0.52%Mn Alloy for the As Rolled 
and Annealed at 300°C Showing the Coarsening of the Structure 
with Increasing Annealing Time at lOkx. 
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Table II 



Test Data for A1 -8. 14%Mg-0.4%Cu 

YIELD (Mpa) UTS (Mpa) ELONGATION (%) 



TEMPERATURE (C) 

STRAIN RATE (S-1) 

300 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 

250 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 

200 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 

150 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 

100 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 

50 5.3x10-3 

5.3x10-4 
5.3x10-5 
0.2% Offset 

RM 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 
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Table III 



TEMPERATURE 
STRAIN RATE 

300 5.3x10-2 
1.3x10-2 
5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 



200 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 



100 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 



RM 5.3x10-3 
5.3x10-4 
5.3x10-5 
0.2% Offset 



Test Data for A1 -10.2%Hg-0.52%Mn 



YIELD (Mpa) UTS (Mpa) 



ELONGATION (%) 
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vs temperature at a given strain rate for each of the alloys. All 
four testing conditions are compared on each graph. Appendix B con- 
tains plots of UTS, yield and elongation vs temperature for a given 
processing condition. All the strain rates used for the testing are 
compared. Appendix C contains the plots of log stress and elongation 
vs log strain rate of 250°C and SOO^C for each of the conditions. The 
values of m are given on the plots of log stress vs log strain rate. 

Examination of the graphical or tabular data reveals the trends 
illustrated in Figure 4.6. Annealing either of the alloys results 'in 
softening at ambient temperature but strengthening at temperatures of 
200°C to 300°C. The softening at lov/ temperatures may be understood 
in terms of the effect of annealing on grain or substructure size and 
also the dislocation density. The Hall -Fetch equation 4.1, where 

= Oq + Ky(d)'" (eqn 4.1) 

is the yield strength, is the lattice resistance to dislocation motion 
resulting from the effect of Mg in solution, strain hardening and other 
short ranged effects, Ky is a constant and d is the grain size. This 
expression includes the dislocation density in the term and the grain 
size in d. The annealing reduces the dislocation density and hence the 
Oq term while increased d also results in a reduction of and this is 
the low temperature response observed in Figure 4.4, namely that the as 
rolled material with its finer structure and higher dislocation density 
is stronger than those materials annealed either at 300°C or 44C°C. 
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Figure 4.6 Schematic Shovnng the Affects of Annealing on the Tensile Strength. 
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As the temperature increases other deformation mechanisms gain in- 
creasing significance. Dislocation creep, Coble creep and grain bound- 
ary sliding start to be important in the middle range test temperatures. 
For test temperature in the upper portion of test range (300°C), grain 
boundary sliding likely starts to be the dominant mechanism. Due to 
the finer structure in the as rolled material, this condition exhibits 
the least strength at the elevated temperature. As temperature increases 
grain boundary sliding gains significance and the finer grain sized, 
as rolled condition becomes the lowest strength material. 

Whereas annealing resulted in increased low temperature ductility 
as strength decreased, the effects of prior annealing on the elevated 
temperature ductility are more complex. An important factor appears to 
be grain grovyth during the course of the test, and increase in grain 
size will suppress grain boundary sliding and result in dislocation 
creep processes dominating with a reduced ductility. 

To reach 100% elongation at strain rates of 5.3x10'^ S-1 , 5.3x10"^ 

_5 

S-1 and 5.3x10 S-1 require approximately 3 minutes, 30 minutes and 5 

hours, respectively. The latter times are comparable to the annealing 
treatments employed prior to elevated temperature testing for those 
materials annealed at 300°C. The 8% Hg alloy exhibits its most super- 

_5 

plastic behavior at a strain rate of 5.3x10 S-1 and at a temperature 

of 250°C. At the 300°C temperature and the 5.3x10”^ S-1 strain rate, 
the effects of grain growth likely have overtaken the effects of grain 
boundary sliding and result in the non-recrystal 1 i zed samples all coming 
to about the same structure and elongation. At 300°C, the 8% Mg alloy 
is near the solvus for Mg in the alloy and hence the Hg is tending to 
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go into the solid solution. A result would be a relatively small volume 
fraction of beta to retard grain growth. Applying the lever rule at 
300°C , the beta content is calculated to be about 3 v/eight percent, v/hile 
the equilibrium beta content at 250°C is higher, 8 weight percent. 

For the 10% Mg alloy the most superplastic behavior was observed in 
testing at 300°C, also the annealing temperature and at a strain rate of 
5.3x10'^ S-1 . This was in a sample with an annealing time of approxi- 
mately 30 minutes. Both alloys at temperatures above 150°C have decreased 
yield and UTS with decreasing strain rate for all processing conditions. 

In the 8 % Mg alloy, the elongation at elevated temperature increases with 
decreasing strain rate throughout the range investigated in these tests. 
However, the 10% Mg alloy has a maximum elongation at the 5.3x10 S-1 

strain rate and lesser elongations for both faster and slov/er strain 
rates. It is notable that this peak elongation, more than 400%, is 
observed at this relatively high strain rate and at this relatively low 
temperature. As noted previously, Paton, Hamilton, Wert and Mahoney 
[Ref. 14], in their work on high strength 7475 aluminum alloy, report 
similar elongation but at 516°C and at a strain rate of approximately 
lO"^ S-1, 50 times slower a strain rate. The observation here of a 
higher rate for maximum elongation is of considerable technological 
importance in that superplastic forming is of limited application often 
because of the slow forming rate required to achieve the highest 
ducti 1 i ties . 

As only three strain rates were utilized for the testing of the 8% 

Mg alloy, it is difficult to generalize from the appearances of these 
curves. However it is interesting to note that the highest elongation 
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did not coincide with the greatest m value. Because no TEM work on 
deformed samples has been done it is difficult to explain this at 
present time. 

For the 10% Mg alloy, 5 strains rates at 300°C were utilized. The 
maximum m value does occur at the region of maximum superplastic elonga- 
tion, however the data on the log stress vs log strain rate plot do not 
suggest clearly the typical sigmodal behavior. In fact, these data are 
readily fit by a straight line. This could be a result of a sampling 
error or grain growth could be occurring for the longer test times at 

_3 

strain rate less than 5.3x10 S-1 , causing a decreasing in elongation 

and strength. It should be noted that the m value is obtained from 
data at relatively small strains (20%) whereas fracture occurs at 
strains of 100-400%. Further microscopy of samples in various stages 
of deformation will be required to develop data on the effect of grain 
size and changes in grain size during deformation. 

Figure 4.7 and Figure 4.8 show a series of stress-strain curves for 

-3 

the 8% Mg alloy in an as rolled condition for a strain rate of 5.3x10 
S-1. The flat nature of the curves for elevated temperatures indicate 
little grain growth during deformation, at least to the extent to which 
these curves can be analyzed. At larger strains, necking becomes appre- 
ciable and affects the reduction of the data to true stress vs true 
strain . 

D. DEFORMED MICROSTRUCTURE 

One of the important problems found in superplastic materials is the 
tendency to cavitate during deformation. This cavitation is often evident 
even at a low magnification in optical microscopy. Figures 4.9, 4.10 and 
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Figure 4.7 True Stress Versus True Strain for Al -8. 14%Mg-0.4%Cu in an As Rolled 
Condition from Room Temperature to 150°C. 
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Figure 4.8 True Stress Versus True Strain for A1-8.l4%Hg-0.4%Cu in an As Rolled 
Condition from 200-300°C. 
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4.11 show the microstructures of deformed gage sections of three samples. 
The micrographs are taken at various locations along the length of the 
deformed specimens. Locations are at the fracture point, 1/4 the way 
from the fracture to the specimen grip section, 1/2 the way from the 
fracture, 3/4 the way from the fracture and at the undeformed grip 
section. No cavitation was noted in this specimen. It can be seen 
that a fine structure is maintained, beta is well dispersed in all the 
locations and the banding seen in the initial as rolled condition is 
not seen here. 
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FRACTURE POINT 



1/4 FROM FRACTURE 



1/2 FROM FRACTURE 





3/4 FROM FRACTURE 



UNDEFORMED END 



Figure 4.9 Optical Micrographs pf As Rolled Al-8.14%Mg-0.4»Cu lested 
at 300°C and 5.3xlO‘^(S-l ) Strain Rate Taken at Various 
Positions Along the Specimen After Tensile Testing at 
200x. 
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FRACTURE POINT 




1/4 FROM FRACTURE 



1/2 FROM FRACTURE 




3/4 FROM FRACTURE 



UNDEFORMED END 



Figure 4.10 Optical Micrographs of As Rolled Al-10.29%Mg-0.52%Mn Tested 
at 300°C and 5.3xlO"3(S-l ) Strain Rate Taken at Various 
Locations Along the Specimen After Tensile Testing at 200x. 
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Figure 4.11 Optical Micrographs of Al-10.2%Mg-0.52%Mn Annealed for 10 hrs. 
at 300°C and 5.3x10” (S-1) Strain Rate Taken at Various 

Locations Along the Specimen After Tensile Testing at 200x. 
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V. CONCLUSIONS AND RECOMMENDATIONS 



The following conclusions are drawn from this research; 1) Optical 
microscopy does not reveal the grain structure of these alloys; rather, 
TEM is required to reveal grain and subgrain structures as well as the 
details of the dispersion of the intermetallic beta; 2) superplastic 
elongations up to 400% are attainable in high-magnesium, aluminum- 
magnesium alloys at temperatures of 200-300°C, and in the 10.2%M-0.52%Mn 

_3 

alloy, at strain rates up to about 5x10 S-1 ; 3) warm rolled materials 

tend to exhibit the greatest degree of superplasticity; the beta phase 
tends to stabilize grain structures and when the solvus temperature is 
approached, resolutioning of the beta leads to grain growth and loss of 
superplastic characteristics , as observed in the 8. 14%Mg-0.4%Cu alloy; 

4) the higher magnesium content of the 10.2%Mg-0.52%Mn alloy likely 
stabilizes grain size ana extends the range of superplastic behavior to 
higher temperatures in this alloy. The following recommendations for 
further study are made: 1) study by TEM of the microstructure of defor- 

mation be conducted to ascertain the extent of grain growth during 
deformation; 2) study of the deformation characteristics especially of 
the 10.2?bMg-0.52%Mn alloy be conducted with more closely spaced strain 
rates and temperatures to better define the rate and temperature depend- 
ence in these alloys; 3) additional alloy compositions be study to delin- 
eate the effects separately of the Mg, Mn, Cu, and other possible alloy 
additions such as Zr and Zn. 
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